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2.5.7	Thoughts	on	the	future	of	silencing	and	homologous	recombination	This	study	revealed	perturbations	to	silent	chromatin	following	homologous	recombination	that	had	previously	escaped	detection.	Many	cells	experienced	silencing	loss	following	the	DNA	transactions	at	HML	when	it	served	as	a	donor	locus	for	recombination,	yet	many	others	maintained	silencing	through	and	after	homologous	recombination.	Understanding	what,	mechanistically,	led	to	silencing	loss	after	homology-directed	repair	remains	a	promising	avenue	of	research	to	elucidate	novel	proteins	and/or	processes	with	the	potential	to	disrupt	silent	chromatin.			 Many	of	the	experiments	in	this	study	involved	inducing	a	double-strand	break	in	liquid	culture	and	measuring	silencing-loss	events	in	colonies	that	were	grown	on	solid	medium	following	double-strand	break	induction.	Quite	surprisingly,	colonies	arose	with	both	genotypic	and	phenotypic	heterogeneity,	whereby	cells	that	both	did	and	did	not	experience	silencing	loss	and/or	evidence	of	homologous	recombination	were	propagated	within	a	single	colony.	This	phenomenon	was	not	solely	explained	by	the	possibility	that	cells	failed	to	separate	fully	after	cell	division,	as	it	could	be	seen	even	in	colonies	that	arose	from	a	single	founder	cell.	Thus,	data	interpretation	was	limited	by	the	inability	to	tie	one	repair	event	to	one	silencing	outcome.	Understanding	exactly	the	rate	of	silencing	loss	after	a	single	recombination	event	would	bring	insight	to	formulate	hypotheses	about	what	could	be	driving	whether	or	not	silencing	is	lost	after	recombination.			 Future	experiments	that	observe	post-recombination	silencing	loss	at	the	level	of	individual	cells	rather	than	colonies	would	help	to	shed	light	on	the	actual	rate	of	silencing	loss	at	HML	following	recombination.	One	potential	assay	improvement	could	be	a	microfluidics-based	imaging	setup.	Single	cells	captured	on	a	microfluidics	chip	could	experience	double-strand	break	formation	at	pseudo-MAT	in	the	same	way	that	was	done	in	this	study,	with	a	switch	in	medium	flowing	through	the	microfluidics	chamber	to	control	expression	of	pGAL10:HO.	Alternatively,	single-molecule	mRNA	FISH	could	be	performed	on	cells	immediately	fixed	after	double-strand	break	induction	to	better	observe	the	landscape	of	transcription	events	at	the	single-cell	level.			 The	ability	to	retroactively	determine	in	which	cells	recombination	events	with	HML	occurred,	as	was	done	in	this	study	by	extraction	of	DNA	from	colonies,	would	not	be	possible	with	a	single-cell	imaging	approach.	Thus,	a	microscopy-based	assay	would	also	require	modifications	to	be	able	to	determine	which	cells	successfully	templated	homologous	recombination	from	HML.	Tagging	various	repair	proteins	with	fluorescent	epitopes	could	allow	one	to	determine	which	cells	received	a	double-strand	break	at	pseudo-MAT	(Lisby	et	al.	2004),	and	perhaps	in	combination	with	a	dnl4∆	mutant	that	is	defective	in	non-homologous	end	joining	could	be	an	accurate	indication	of	which	cells	underwent	homologous	recombination	at	HML.	With	an	improved	assay	to	tie	one	recombination	event	with	one	silencing	loss	
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background	levels,	but	did	not	reach	the	level	of	silencing	loss	seen	with	the	full	mock	transformation.	Thus,	heat	shock	was	necessary	but	not	sufficient	for	silencing	loss	caused	by	the	transformation	process,	and	exposure	to	lithium	acetate	did	not	cause	destabilization	of	silencing	at	HML::cre.		
	
Figure	3.4	Effects	of	mock	transformation,	heat	shock,	and	lithium	acetate	exposure	on	silencing	stability	at	HML::cre.	Each	dot	represents	a	biological	replicate,	and	horizontal	lines	represent	means	of	replicates.	A	minimum	of	1,813	colonies	was	analyzed	for	each	replicate.				 I	next	tested	the	effects	on	silencing	at	HML::cre	of	carrier	DNA	in	the	transformation	process.	I	transformed	linearized	pJR3423	DNA	with	and	without	the	presence	of	carrier	DNA	and	saw	similar	levels	of	silencing	loss	in	Ura+	colonies	(Figure	3.5A).		The	absence	of	carrier	DNA	decreased	the	efficiency	of	transformation	itself:		the	percentage	of	Ura+	CFUs	from	a	transformation	without	carrier	DNA	was	small	relative	to	transformation	with	carrier	DNA	(Figure	3.5B).	Aside	from	reducing	
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the	transformation	efficiency,	the	presence	of	carrier	DNA	did	not	influence	the	frequency	of	silencing	loss,	suggesting	that	it	was	not	responsible	for	the	increased	silencing	loss	seen	in	the	mock	transformation	process.		
	
Figure	3.5	Effects	of	carrier	DNA	on	silencing	loss	after	transformation	with	linearized	pJR3424	(A)	and	transformation	efficiency	of	intact	and	linearized	pJR3424	(B).	2,156	colonies	with	carrier	DNA	and	171	colonies	without	carrier	DNA	were	analyzed	in	panel	A,	and	a	minimum	of	308	colonies	was	analyzed	for	each	condition	in	panel	B.	All	conditions	represent	one	biological	replicate.			
3.3.5	Effects	of	mph1∆	on	silencing	loss	after	transformation	Homology-directed	repair	of	linearized	pJR3423	decreased	silencing	stability	in	many	cells,	but	a	majority	maintained	silencing	after	engaging	in	homologous	recombination	at	HML::cre.	Homologous	recombination	can	proceed	via	multiple	mechanisms	(reviewed	in	Pâques	and	Haber	1999),	including	synthesis-dependent	strand	annealing	(SDSA),	double-Holliday	junction	formation	with	and	without	reciprocal	crossover,	and	Holliday	junction	dissolution.	Thus,	we	hypothesized	that	differences	in	repair	mechanism	might	explain	the	difference	in	likelihood	of	silencing	loss	after	recombination	at	HML::cre.				 Mph1	is	a	DNA	helicase	that	promotes	repair	via	SDSA,	likely	due	to	its	in	vitro	ability	to	dismantle	D-loops	(Prakash	et	al.	2009;	Zheng	et	al.	2011).	mph1∆	strains	exhibit	no	decreased	ability	to	repair	gapped	plasmids	through	homologous	recombination,	but	increase	the	frequency	of	crossover	events	and	Holliday	junction	dissolution	at	the	expense	of	SDSA	events	(Mitchel	et	al.	2013).	To	ask	whether	the	absence	of	Mph1	would	shift	the	ratio	of	red-to-green	colonies	after	homologous	recombination,	I	transformed	linearized	pJR3423	into	an	mph1∆	mutant	(JRY10829).	Silencing	at	HML::cre	was	unaffected	in	the	mph1∆	strain,	as	the	pre-transformation	
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and	mock	transformation	background	levels	of	silencing	loss	were	similar	to	wild	type	(Figure	3.6).	Transformation	with	both	intact	and	linearized	pJR3423	led	to	a	higher	percentage	of	all-green	Ura+	colonies	in	mph1∆	relative	to	wild	type	(Figure	3.6	vs	Figure	3.1C).	Thus,	while	silencing	loss	after	homologous	recombination	at	
HML::cre	appeared	higher	in	the	absence	of	Mph1,	the	increased	silencing	loss	after	transformation	with	intact	pJR3423	suggests	that	the	silencing	instability	may	not	be	an	effect	specific	to	homology-directed	repair.			
	
Figure	3.6	Percent	of	all-green	colonies	in	an	mph1∆	mutant	(JRY10829)	before	transformation	(pre),	after	mock	transformation,	and	after	transformation	with	intact	and	linearized	pJR3423.	Each	dot	represents	a	biological	replicate,	and	a	minimum	of	865	colonies	was	analyzed	for	each	replicate.	Horizontal	lines	for	each	condition	represent	the	means	of	replicates.	Colonies	analyzed	for	the	pre-	and	mock	transformation	conditions	were	grown	on	non-selective	medium,	and	colonies	analyzed	after	transformation	with	plasmid	DNA	were	grown	on	medium	lacking	uracil.			
3.3.6	Presence	of	the	silencing	machinery	did	not	influence	efficiency	of	
HML::cre	as	a	donor	for	homologous	recombination		Although	silent	chromatin	inhibits	access	of	many	DNA-binding	proteins	to	their	silenced	target	sequences,	this	assay	efficiently	selected	for	recombination	events	with	HML::cre.	Previous	studies	found	an	increased	efficiency	of	homologous	recombination	when	a	donor	locus	was	actively	transcribed	relative	the	same	locus	without	transcription	(Saxe	et	al.	2000;	Schildkraut	et	al.	2006).		Therefore,	it	is	possible	that	the	increase	in	all-green	colonies	after	repair	of	linearized	pJR3423	reflected	a	selection	for	cells	with	un-silenced	HML::cre	loci	that	could	conceivably	be	preferred	for	templating	homologous	recombination.			
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To	test	whether	presence	of	the	silencing	machinery	affected	homology-directed	repair	of	linearized	pJR3423,	we	measured	repair	efficiency	in	a	sir2∆	background	that	lacks	transcriptional	silencing	at	HML::cre.	To	control	for	differences	in	transformation	efficiency,	we	performed	a	co-transformation	experiment	with	an	intact	His+	plasmid	alongside	either	intact	or	linearized	pJR3423	and	selected	first	for	growth	on	medium	lacking	histidine.	We	then	asked	whether	colonies	that	had	taken	up	the	HIS3	plasmid	were	also	Ura+.	When	linearized	pJR3423	was	co-transformed	with	a	HIS3	plasmid,	approximately	1.8%	of	resulting	His+	colonies	were	also	Ura+	in	
SIR2,	while	3.3%	of	His+	colonies	were	Ura+	in	sir2∆	(Figure	3.7).	For	co-transformation	with	intact	pJR3423,	approximately	20.6%	of	His+	SIR2	colonies	were	also	Ura+,	and	23.5%	of	His+	sir2∆	colonies	were	Ura+.	The	slight	differences	in	repair	efficiency	of	linear	pJR3423	in	the	sir2∆	strain	were	not	significantly	different	when	analyzed	with	an	unpaired	t-test.	Thus,	the	chromatin	status	of	HML::cre	did	not	influence	the	efficiency	of	homology-directed	repair	of	pJR3423.																
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Figure	3.7	Co-transformation	efficiencies	in	SIR2	(JRY9628)	and	sir2∆	(JRY9633)	backgrounds.	The	percentage	of	cells	selected	for	their	His+	phenotype	that	were	also	Ura+	is	shown	for	both	linearized	pJR3423	and	intact	pJR3423.	For	the	linear	pJR3423	experiment,	the	means	and	standard	deviations	of	three	independent	biological	replicates	are	shown.	An	unpaired	t-test	was	used	to	determine	that	the	means	were	not	statistically	significantly	different.	One	biological	replicate	is	represented	for	the	intact	pJR3423	experiment.	A	minimum	of	1,713	His+	colonies	and	1,653	His+	colonies	total	were	analyzed	for	the	linearized	and	intact	pJR3423	experiments,	respectively.		
3.4	Discussion	
	
3.4.1	Transformation	of	a	linearized	plasmid	efficiently	induced	recombination	
with	targeted	genomic	loci	In	this	study,	I	targeted	homologous	recombination	to	HML::cre	by	transforming	a	linearized	plasmid	containing	the	cre	sequence.	As	a	control	experiment,	I	targeted	homologous	recombination	to	a	different	locus	in	the	genome,	
ho.	Plating	transformed	cells	on	medium	lacking	uracil	allowed	selection	for	colonies	arising	only	from	cells	with	an	intact	plasmid.	I	initially	estimated	a	false-positive	frequency	for	Ura+	colonies	at	around	7%	for	the	cre	plasmid	and	1%	for	the	ho	plasmid.	However,	sequencing	plasmids	recovered	from	Ura+	colonies	revealed	that	every	colony	contained	a	plasmid	that	was	repaired	through	homologous	recombination	of	its	targeted	locus.	Thus,	this	transformation	assay	was	highly	efficient	in	selecting	for	recombination	events.		
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3.4.2	Recombination	with	HML::cre	often,	but	not	always,	led	to	silencing	loss	Upon	imaging	the	Ura+	colonies	to	determine	whether	silencing	had	been	lost	at	HML::cre	after	it	participated	in	homologous	recombination,	I	found	that	approximately	33%	of	colonies	were	all	green	and	thus	had	lost	silencing	before	dividing.	This	represented	about	a	3-fold	increase	in	silencing	loss	relative	to	transformation	with	an	intact	plasmid,	which	resulted	in	approximately	10%	all-green	colonies.	Interestingly,	many	of	the	colonies	were	still	red,	indicating	persistence	of	the	silent	state	at	HML::cre	through	homology-directed	repair.	Sequencing	plasmids	from	red	colonies	further	supported	our	observation	that	homologous	recombination	need	not	always	lead	to	silencing	loss,	as	all	of	the	plasmids	from	red	colonies	showed	evidence	of	gene	conversion	that	would	result	from	homology-directed	repair.		
	Recombination	targeted	to	the	ho	locus	did	not	lead	to	an	increase	in	silencing	loss	at	HML::cre	beyond	that	seen	after	transformation	with	an	intact	ho-bearing	plasmid.	Hence,	the	increase	in	silencing	loss	at	HML::cre	after	plasmid	repair	was	specific	to	events	that	directly	involved	HML::cre	as	the	donor	locus.		
	
3.4.3	Aspects	of	the	transformation	process	could	destabilize	silencing	In	addition	to	increased	silencing	instability	after	HML::cre	templated	homologous	recombination,	transformation	of	intact	CEN-ARS	plasmids	led	to	silencing	loss	in	about	10%	of	colonies.	I	then	performed	a	"mock"	transformation,	whereby	I	exposed	cells	to	the	transformation	process	without	adding	plasmid	DNA.	Mock	transformation	led	to	the	same	levels	of	silencing	loss	seen	with	transformation	of	the	intact	CEN-ARS	plasmids,	suggesting	that	the	transformation	process	itself	was	capable	of	destabilizing	silencing.			 I	tested	three	different	aspects	of	the	transformation	process	to	determine	which,	if	any,	were	responsible	for	the	increased	silencing	loss.	The	presence	of	carrier	DNA	did	not	change	the	likelihood	of	silencing	loss	after	transformation,	nor	did	exposure	to	lithium	acetate	without	heat	shock.	Cells	that	were	heat	shocked	but	did	not	receive	lithium	acetate	experience	a	slightly	greater	likelihood	of	silencing	loss,	albeit	not	to	the	extent	seen	when	all	aspects	of	the	transformation	are	experienced.	Thus,	the	exposure	of	transformed	cells	to	heat	shock	was	necessary	but	not	sufficient	for	the	increase	in	silencing	loss	seen	in	the	mock	transformation.		 The	increase	in	silencing	instability	after	heat	shock	may	be	related	to	MAPK-dependent	phosphorylation	of	Sir3	(Stone	and	Pillus	1996).	Sir3	hyperphosphorylation	increased	the	strength	of	telomeric	silencing,	but	has	not	been	studied	in	the	context	of	silencing	at	HML	and	HMR.	It	is	possible	that	heat	shock-mediated	modification	of	Sir3	leads	to	structural	changes	that	are	not	amendable	to	full	silencing	at	HML.	The	exact	cause	of	silencing	instability	after	heat	shock	remains	unknown.		
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3.4.4	mph1∆	mutants	were	more	sensitive	to	silencing	loss	after	transformation	The	DNA	helicase	Mph1	promotes	homologous	recombination	via	SDSA,	the	mechanism	utilized	during	mating-type	switching.	To	ask	whether	mechanism	choice	during	homologous	recombination	influences	the	likelihood	of	silencing	loss,	I	repeated	our	transformation-based	recombination	assay	in	an	mph1∆	mutant	background.	Approximately	50%	of	cells	gave	rise	to	all-green	colonies	after	transformation	of	the	linearized	cre	plasmid,	which	was	slightly	higher	than	the	approximately	38%	of	all-green	colonies	in	a	wild-type	background.	However,	mph1∆	mutant	cells	experienced	slightly	higher	levels	of	silencing	loss	after	transformation	with	the	intact	cre	plasmid.	It	is	unclear	whether	the	increased	likelihood	of	silencing	loss	after	transformation	of	any	plasmid	DNA	explains	the	increase	seen	after	homology-directed	repair	of	the	cre	plasmid	at	HML::cre,	or	whether	there	is	a	mechanistic	difference	underlying	the	higher	levels	of	silencing	loss	after	HML::cre	participated	in	homologous	recombination.	The	fold-differences	in	silencing	loss	after	transformation	with	linearized	versus	intact	cre	plasmid	were	very	similar	between	wild	type	and	mph1∆,	suggesting	that	perhaps	the	presence	of	Mph1	did	not	influence	the	likelihood	of	silencing	loss	at	HML::cre	after	templating	homologous	recombination.				
3.4.5	Sir-based	silencing	did	not	affect	homology-mediated	repair	efficiency	of	a	
linearized	plasmid	from	HML::cre	In	some	assays	for	homologous	recombination,	transcription	of	a	donor	locus	increases	its	likelihood	to	template	repair.	In	this	study,	HML::cre	was	able	to	template	homology-directed	repair	of	a	linearized	plasmid	as	efficiently	when	silenced	as	unsilenced.	Although	Sir-based	silencing	imparts	a	barrier	to	many	DNA-binding	proteins,	the	machinery	required	to	access	HML::cre	for	homologous	recombination	was	not	hindered	by	the	presence	of	Sir	proteins.	This	observation	eliminated	the	hypothesis	that	the	increase	in	all-green	colonies	seen	after	transformation	with	the	linearized	cre	plasmid	could	be	explained	by	a	subset	of	unsilenced	cells	that	served	as	more	efficient	recombination	templates.	Therefore,	recombination	induced	silencing	loss,	and	silencing	loss	did	not	influence	recombination.		
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